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We predict it is possible to achieve high-efficiency room-temperature spin injection from a mag-
netic metal into InAs-based semiconductors using an engineered Schottky barrier based on an
InAs/AlSb superlattice. The Schottky barrier with most metals is negative for InAs and posi-
tive for AlSb. For such metals there exist InAs/AlSb superlattices with a conduction band edge
perfectly aligned with the metal’s Fermi energy. The initial AlSb layer can be grown to the thickness
required to produce a desired interface resistance. We show that the conductivity and spin lifetimes
of such superlattices are sufficiently high to permit efficient spin injection from ferromagnetic metals.
Spin injection from magnetic metals into semiconduc-
tors, an important step for spintronic devices[1, 2], has
been demonstrated for both a Schottky barrier and an
oxide tunnel barrier[3, 4, 5, 6]. Measurements of spin
injection from iron into GaAs at low temperature, and
with an applied growth-direction magnetic field, have ap-
proached the expected ideal efficiency[7]. Spin injection
into InAs has proved more challenging, typically with
low efficiency reported even at low temperature[8, 9, 10],
and a rapid reduction in efficiency as the temperature
is increased. Yet the InAs/GaSb/AlSb material system
offers significant advantages over GaAs-based systems,
including very large g-factors[11] and a broad range of
tunability of the spin lifetimes with electric fields[12]. A
challenge for spin injection into InAs is that InAs (un-
like GaAs) commonly forms an Ohmic contact with met-
als. An Ohmic contact severely limits the spin injection
efficiency because of the mismatch between the conduc-
tivity of the magnetic metal and the conductivity of the
semiconductor[13]. One known solution is to use a tun-
nel barrier at the interface[14] to generate a large spin-
dependent resistance. With carefully controlled doping,
the naturally-occurring Schottky barriers between metals
and semiconductors will behave as such a tunnel barrier.
The larger the doping levels used, the thinner the barrier,
and the higher the conductivity of the barrier. High dop-
ing levels have an undesirable effect, however, on the spin
lifetime of a nonmagnetic semiconductor[15], whereas at
lower doping levels the spin-polarized carriers accelerate
in the remaining built-in field from the Schottky barrier,
also enhancing spin relaxation[16].
Here we describe an approach to spin injection which
permits very efficient spin injection from a magnetic
metal into InAs-based semiconductors. We replace the
Ohmic interface between the metal and InAs with an
InAs/AlSb superlattice. The layer thicknesses of this su-
perlattice are chosen to match the conduction band en-
ergy of the superlattice to the Fermi energy of the metal.
Thus no doping is required to reduce the Schottky barrier
(as would be required with either GaAs or thick AlSb).
Spin lifetimes for a (110)-grown InAs/AlSb superlattice,
electron doped to n = 1017 cm−3, exceed 1 ns at room
temperature, so spins do not decohere significantly dur-
ing their transit through the superlattice. The vertical
conductivity of this superlattice exceeds 1 Ω cm. These
structures may form the spin-injection contacts for a spin
transistor such as described in Ref. 12, 17. To calculate
the spin injection quantitatively we assume parameters
for the magnetic metal corresponding to cobalt.
Co
FIG. 1: Schematic of the band edges of the constituent mate-
rials of the superlattice. LInAs and LAlSb are chosen to match
the superlattice conduction band edge (dashed line) to the Co
Fermi level, whereas L′AlSb controls the interface resistance.
Schottky barriers between two materials form because
the work functions of the isolated materials differ. The
resulting charge transfer required to make the work func-
tions of the two materials equal far from the barrier
produces the built-in electric fields characteristic of the
Schottky barrier. Usually the work function of the semi-
conductor is smaller than that of the metal, however the
Ohmic contact between a metal and n-type InAs forms
because the work function of n-type InAs is greater than
that of the metal. The work function of an n-type su-
perlattice material with a well (InAs) and barrier (AlSb)
is reduced by the confinement energy of the first conduc-
tion subband (that is, by the energy of that state above
the InAs bulk conduction band edge). Thus if the super-
lattice well has a work function larger than the metal,
and the superlattice barrier has a work function smaller
than the metal, then the superlattice work function can
be matched to that of the metal by appropriate choice
of superlattice layer thicknesses. No significant charge
transfer or built-in electric field occurs when the work
functions of the n-type superlattice and the metal are
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2matched this way. The interface resistance should be
controllable by changing the thickness of the first (super-
lattice barrier) layer which is in contact with the metal.
The Schottky barrier between a metal and a semicon-
ductor is largely independent of the metal, due to the
short screening length inside the metal. For AlSb the
typical Schottky barrier is 0.55 eV[18] (e.g. as measured
for Au/AlSb[19]), and as illustrated in Figure 1. The
valence band offset between InAs and AlSb (Fig. 1) is
0.215 eV. To determine the n-type InAs/AlSb superlat-
tices whose work functions match the metal we calcu-
lated the band structure of InAs/AlSb superlattices on a
grid of layer thicknesses (with 1 monolayer spacing) us-
ing a fourteen-band k ·p theory that has proved success-
ful in calculating spin lifetimes, optical matrix elements,
conductivities, and carrier lifetimes in a wide variety of
superlattices and quantum wells[20]. From this grid we
linearly interpolated AlSb and InAs layer thicknesses pre-
cisely corresponding to the correct conduction band edge
energy. The the growth direction and temperature can
have a profound effect on the superlattice properties, so
we repeated the above process for [001] and [110] growth
directions, at both 300K and 77K.
10 15 20 25 30 35 40
AlSb Layer Thickness (Å)
10
15
20
25
30
35
40
In
A
s L
ay
er
 T
hi
ck
ne
ss
 (Å
)
001, 300K
001, 77K
110, 300K
110, 77K
FIG. 2: Superlattice layer widths corresponding to an n-type
InAs/AlSb superlattice with a work function matching that
of cobalt.
Figure 2 shows the superlattice layer thicknesses whose
conduction band lies at the correct energy. As one would
expect, as the AlSb thickness increases, the InAs quan-
tum wells (see figure 1) become more and more isolated
between thicker and thicker AlSb barriers, leading to a
limiting value of the InAs layer thickness. Of note is also
the small difference (approximately 3-4A˚) between 77K
and 300K. The values shown are similar to those previ-
ously found to produce low InAs/AlSb Schottky barriers
for low-power electronics[21].
It would also be desirable for the superlattice to be
conductive and have a long carrier spin lifetime. Thus
we calculated the masses and spin lifetimes T1 for a se-
ries of superlattices with layer thicknesses corresponding
to the solutions in Fig. 2. The effective masses came from
the fourteen-band k ·p calculations[20], whereas the T1’s
were calculated assuming (1) a precessional decoherence
(D’yakonov-Perel’) mechanism[20, 22], and (2) neutral
impurity scattering with an orbital scattering time of
100 fs dominates the mobility of the superlattice. Fig-
ure 3 shows the masses, calculated conductivities, and
T1 times for electrons in (001)- and (110)-grown super-
lattices corresponding to the solutions in Fig. 2. The
conductivity depends on the mass according to
σ =
ne2τp
m∗
, (1)
where τp, the scattering time from neutral impurities, is
assumed (as before in the T1 calculations) to be 100 fs.
Here e is the charge of the electron and n is the carrier
density (taken to be 1017 cm−3). From Eq. (1) the con-
ductivity varies inversely with the electron effective mass,
and this is evident in Fig. 3.
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FIG. 3: Masses[a], Conductivities[c], and spin lifetimes (T1)
for (001)-grown[b] and (110)-grown[d] superlattices.
As found generically in bulk and superlattice struc-
tures when the spin lifetime is dominated by precessional
decoherence, the spin lifetimes of electrons at 77K are
much longer than those at 300K. The spin lifetimes in-
crease with shorter barrier thicknesses for (001)-grown
structures, but they increase with longer barrier thick-
nesses for (110)-grown structures. Also, the spin lifetimes
for carriers in the (110)-grown superlattices are orders of
magnitude longer than those in the (001)-grown struc-
tures, as found in previous calculations[23]. Thus spin in-
jection into (110)-grown InAs/AlSb superlattices should
be much more efficient than into (001)-grown superlat-
tices, as the spin lifetimes (and hence spin flip lengths)
should be longer for (110)-grown superlattices than for
(001)-grown superlattices.
3Finally, varying the thickness of the first barrier layer
(L′AlSb) in a superlattice does not affect the band struc-
ture of the semi-infinite superlattice. On the other hand,
varying the thickness of this first barrier layer has a sub-
stantial effect on the probability of an electron tunneling
through the layer, which in turn influences the resistiv-
ity of the metal-superlattice interface. The tunneling re-
sistance of the metal-AlSb interface rb depends on the
thickness L′AlSb according to[24]
rb = (epivF gm(F ))−1 exp
(
2L′AlSb
√
2m∗V0
~2
)
, (2)
where V0 = 0.55 eV is the AlSb barrier height, vF = 3.3×
105 m/s is the Fermi velocity in Co[25], and gm(F ) =
1.04 × 1023/eVcm3 is the density of states of Co at the
Fermi energy [26].
This interface resistance, along with other metal and
superlattice parameters, determines the spin polarization
of the current through the initial AlSb layer[27]:
J↑ − J↓
J
=
βrCo + γrb
rCo + rSL + rb
, (3)
where β is the current spin polarization for Co at the
Co/AlSb interface, γ is the spin polarization of states at
the Co interface involved in tunneling through the bar-
rier, and rCo is the resistance of Co over a thickness of
the spin difusion length, rCo = ρColSFCo , where ρCo is the
resistivity of Co and lSFCo is the spin flip length within Co.
The superlattice resistance rSL = (DT1)1/2/σ, where σ
is the conductivity of the superlattice [Eq. (1)] and D is
the vertical diffusion constant of the superlattice,
D = −µ
e
∫
f(E)gs(E)dE∫
∂f(E)
∂E
gs(E)dE
, (4)
where gs(E) is the density of states within the superlat-
tice at energy E.
Experimental determinations of β, γ, ρCo, and lSFCo dif-
fer widely from measurement to measurement. Even a
bulk-like quantity like β depends on the nonmagnetic
material the spin-polarized flows into, and information
is not available for a Co/AlSb interface. Thus we use
results from the best-characterized metal/metal surface,
Co/Cu, for all four of these quantities at 77K and 300K,
from a study[28] in which all these quantities are simul-
taneously determined for a set of samples. The values for
β are 0.36 at 77K and 0.31 at 300K, for γ are 0.85 at both
temperatures, for ρCo are 18µΩcm at 77K and 25µΩcm
at 300K, and for lSFCo are 59 nm at 77K and 38 nm at
300K.
Calculations of the initial current spin polarization at
the semiconductor interface (P ) are shown in Fig. 4 for
varying initial AlSb barrier thicknesses (L′AlSb) but fixed
LAlSb = 12 A˚. The efficiency approaches the limiting
value of γ for a thick first layer of AlSb, and the limit-
ing value of β for a very thin first layer of AlSb. Thus
high-efficiency spin injection is possible, even at room
temperature. As expected from Eq. (3), the initial spin
polarization is larger for the (001) superlattice at both
temperatures, as the T1 for that superlattice is shorter
than that of the (110) superlattice (and thus the rSL
for the (001) superlattice is smaller than the rSL for the
(110) superlattice). For moderately thick (3 nm) initial
AlSb layer thicknesses, however, the initial current spin
polarizations for (110) superlattices are as high as can
be achieved for these values of β and γ. If the current
spin polarizations are comparable for the (001) and (110)
superlattices, then spin injection into the (110) superlat-
tices will be more desirable, for the spins will persist in
a (110) superlattice for orders of magnitude longer times
than in a (001) superlattice (see Fig. 3).
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FIG. 4: Current spin polarization as a function of initial AlSb
barrier thickness
We have described a method of using AlSb/InAs super-
lattices to enhance spin injection from a magnetic metal
such as Co into an InAs-based semiconductor. The resis-
tivity of the first AlSb barrier can be tuned, while leav-
ing the superlattice’s band structure effectively the same.
The matching of the conduction band state of the super-
lattice to the Fermi level of the metal permits the control
of a barrier resistance independently of doping. Current
spin injection polarizations of ∼ 0.5 are predicted to be
possible into superlattices with room-temperature T1’s of
a few nanoseconds. It should then be possible to grade
the superlattice layer thicknesses to match to any desired
6.1A˚ lattice constant material, including InAs.
This research was supported by the ARO MURI Grant
No. W911NF-08-1-0317. J.P. acknowledges support from
the Center for Semiconductor Physics in Nanostructures,
an NSF-MRSEC, Grant No. DMR-0520550. We ac-
4knowledge numerous helpful discussions with W. H. Lau.
∗ Current address: Department of Physics, University of
Oklahoma, Norman, OK 73019
† Electronic address: michael˙flatte@mailaps.org
[1] D. D. Awschalom and M. E. Flatte´, Nature Physics 3,
153 (2007).
[2] D. D. Awschalom, N. Samarth, and D. Loss, eds.,
Semiconductor Spintronics and Quantum Computation
(Springer Verlag, Heidelberg, 2002).
[3] A. T. Hanbicki, B. T. Jonker, G. Itskos, G. Kioseoglou,
and A. Petrou, Appl. Phys. Lett. 80, 1240 (2002).
[4] V. F. Motsnyi, J. D. Boeck, J. Das, W. V. Roy,
G. Borghs, E. Goovaerts, and V. I. Safarov, Appl. Phys.
Lett. 81, 265 (2002).
[5] O. M. J. van ’t Erve, G. Kioseoglou, A. T. Hanbicki, C. H.
Li, B. T. Jonker, R. Mallory, M. Yasar, and A. Petrou,
Applied Physics Letters 84, 4334 (2004).
[6] C. Adelmann, X. Lou, J. Strand, C. J. Palmstrøm, and
P. A. Crowell, Phys. Rev. B 71, 121301(R) (2005).
[7] B. T. Jonker and M. E. Flatte´, in Nanomagnetism, edited
by D. L. Mills and J. A. C. Bland (Elsevier, New York,
2006), pp. 227–272.
[8] H. Ohno, K. Yoh, K. Sueoka, K. Mukasa, A. Kawa-
harazuka, and M. E. Ramsteiner, Jpn. J. Appl. Phys.
Pt. 2 40, L87 (2003).
[9] P. R. Hammar and M. Johnson, Phys. Rev. Lett. 88,
066806 (2002).
[10] C.-M. Hu, J. Nitta, A. Jensen, J. B. Hansen, and
H. Takayanagi, Phys. Rev. B 63, 125333 (2001).
[11] P. Y. Yu and M. Cardona, Fundamentals of semiconduc-
tors (Springer-Verlag, Berlin, 2001), 3rd ed.
[12] K. Hall, W. H. Lau, K. Gu¨ndog˘du, M. E. Flatte´, and
T. F. Boggess, Appl. Phys. Lett. 83, 2937 (2003).
[13] G. Schmidt, D. Ferrand, L. W. Molenkamp, A. T. Filip,
and B. J. van Wees, Phys. Rev. B 62, R4790 (2000).
[14] E. I. Rashba, Phys. Rev. B 62, R16267 (2000).
[15] J. M. Kikkawa and D. D. Awschalom, Phys. Rev. Lett.
80, 4313 (1998).
[16] H. Sanada, I. Arata, Y. Ohno, Z. Chen, K. Kayanuma,
Y. Oka, F. Matsukura, and H. Ohno, Applied Physics
Letters 81, 2788 (2002).
[17] K. Hall and M. E. Flatte´, Appl. Phys. Lett. 88, 162503
(2006).
[18] S. M. Sze, Physics of Semiconductor Devices (John Wiley
& Sons, New York, 1981).
[19] C. A. Mead and W. G. Spitzer, Phys. Rev. 134, A713
(1964).
[20] W. H. Lau, J. T. Olesberg, and M. E. Flatte´ (2004),
cond-mat/0406201.
[21] D. H. Chow, H. L. Dunlap, I. W. Williamson, S. Enquist,
B. K. Gilbert, S. Subramaniam, P.-M. Lei, and G. H.
Bernstein, Electron Device Lett. 17, 69 (1996).
[22] M. I. D’yakonov and V. I. Perel’, Soviet Physics Solid
State 13, 3023 (1972).
[23] M. I. D’yakonov and V. Y. Kachorovskii, Soviet Physics
Semiconductors 20, 110 (1986).
[24] F. Capasso, Physics of Quantum Electron Devices (Wi-
ley, New York, 1990).
[25] D. Y. Petrovykh, K. N. Altmann, H. Ho¨chst, M. Laub-
scher, S. Maat, G. J. Mankey, and F. J. Himpsel, Applied
Physics Letters 73, 3459 (1998).
[26] F. Batallan, I. Rosenman, and C. B. Sommers, Phys.
Rev. B 11, 545 (1975).
[27] A. Fert and H. Jaffre`s, Phys. Rev. B 64, 184420 (2001).
[28] L. Piraux, S. Dubois, A. Fert, and L. Belliard, Eur. Phys.
J. B 4, 413 (1998).
